Cytogenetic tests are effective tools for monitoring the health status of livestock and improving their genetic value. Cytogenetic screening allows for the detection of animals carrying chromosomal aberrations and to avoid using them as breeders. Progress in karyotype monitoring, with new molecular probes and automation, has greatly increased the productivity of this procedure. Several genotoxicity tests are available to detect the possible presence and effects of pollutants or drugs. Among these, the micronucleus test and the Comet assay are the most convenient in terms of costs and benefits. Finally, analysis of telomeres, the end of chromosomes and markers of genomic instability, may be developed into a new marker of stress and genetic value.
Introduction
The last 30 years have seen constant and outstanding progress in animal cytogenetics. The identification of the Robertsonian translocation rob(1;29) in cattle by Gustavsson & Rockborn (1964) drew attention to the importance of cytogenetics in the field of animal production. The association of chromosomal abnormalities with pathological conditions and fertility problems led to the creation of several veterinary cytogenetics laboratories that adapted chromosome staining techniques developed in human cytogenetics . Thus, in less than a decade, more than 3000 animals from 80 different cattle breeds were karyotyped (for an in-depth review on the history of veterinary cytogenetics, see Basrur & Stranzinger 2008) . Overall, research in the 1970s and 1980s identified a vast collection of chromosome aberrations related to poor viability and infertility, mainly in cattle and pigs, but also in sheep and goats. However, precise identification of the chromosomes involved was quite difficult at the time, because many of these present the same acrocentric feature. Subsequently, advancement in human cytogenetics techniques was borrowed from to improve the identification of domestic animal chromosomes. Finally, the development of fluorescence in situ hybridization (FISH) gave a boost to the detection of chromosomal aberrations as well as comparative gene mapping.
A new field that is opening up in veterinary cytogenetics is the use of fetal cells and cell-free fetal DNA and RNA sampled from maternal blood (non-invasive prenatal diagnostics). The presence of fetal DNA (both cell-free and from fetal cells) in maternal circulation has been demonstrated also in livestock (Lemos et al. 2011) , and this has been exploited for early sexing of the fetus (Saberivand & Ahsan 2016) . Nonetheless, these sources of fetal DNA are also used in human prenatal diagnostics for screening of anueploidy, karyotyping, etc. (Hahn et al. 2011; Yu et al. 2013 ). Although refinement of these techniques in humans is still in progress, its potential applications in veterinary cytogenetics is exciting.
Cytogenetic assays can be used to monitor the health of livestock, investigating the possible presence and effects of pollutants or drugs. In addition, some of these tests are essential for detecting carriers of hereditary anomalies, which often have an apparently normal phenotype but come with negative traits such as reduced fertility. This is of particular importance for artificial insemination programs and, in general, allows detecting in a population those animals that are genetically more predisposed to disorders and excluding them as breeders.
Chromosomal aberrations
Chromosomal aberrations comprise abnormal numbers of chromosomes (aneuploidy) and structural abnormalities in one or more chromosomes. Structural aberrations can be divided into stable and unstable, the latter comprising acentric fragments, dicentric and ring chromosomes. These are usually lost after the first mitosis due to anaphase lag (fragments) or bridge-breakage-fusion (dicentrics and rings). Therefore, unstable aberrations cannot be part of the karyotype of an individual. Stable aberrations are further divided into balanced and unbalanced. With the former, there is no loss or gain of genetic material, whereas this does characterise the latter. Deletions and duplications are considered to be unbalanced aberrations, whereas insertions and inversions are balanced aberrations and translocations can be either balanced and unbalanced. Translocations are defined as reciprocal, when there is an exchange between two nonhomologous chromosomes, and Robertsonian, when the reciprocal exchange between two acrocentics gives rise to one large metacentric chromosome and one small one. Usually, balanced aberrations have no effect on the phenotype, as there is neither loss nor gain of genes, whereas unbalanced ones are often lethal during embryogenesis. Nonetheless, if one (or more) breakpoint that gives rise to a balanced aberration is inside a gene, this gene will be disrupted or disregulated, leading to changes in the phenotype. Finally, it should be added that phenotypically normal individuals with balanced aberrations are more prone to fertility disorders, as segregation of balanced aberrations during meiosis can result in an unbalanced product. This is of particular importance for animal production, as will be shown below.
Because of the diagnostic and prognostic information they give, karyotyping studies have been extensively used in veterinary fields in the last few decades (Basrur & Stranzinger 2008) . In particular, because chromosomal aberrations directly affect meiosis and the viability of gametes and embryos, they often result in reduced fertility (Raudsepp & Chowdhary 2016) .
Autosomal abnormalities
Since the discovery of the Robertsonian translocation rob (1;29) in cattle ( Fig. 1) , many countries have established programs for cytogenetic monitoring of breeders. In Sweden, this has led to a nearly complete eradication of rob(1;29) carrier bulls, resulting in increased fertility of the whole population (Gustavsson 1979) . In the United Kingdom and Australia, cytogenetic evaluation is a requirement for imported cattle, whereas in many European countries, imported breeders and semen must be without chromosomal abnormalities. The rob(1;29) translocation causes a reduction in fertility estimated to be around 5-10% and determines approximately 4% of the unbalanced oocytes and 3% of the unbalanced sperm (Bonnet-Garnier et al. 2008) . Besides rob(1;29), nearly 50 other Robertsonian translocations have been reported (Raudsepp & Chowdhary 2016) , involving all pairs of the 29 autosomes (Molteni et al. 2005) . The second most common Robertsonian translocation is the rob(14;20), which seems to be present only in the Simmental breed. Nonetheless, it is very rare [also if compared to rob(1;29)], occuring in less than 1% of Simmental cattle (Logue & Harvey 1978) . The monocentric nature of rob(1;29), different from the other Robertsonian translocations, which are dicentric, probably indicates its ancient origin, which seems to have taken place before the origination of current breeds (Joerg et al. 2001) . It is interesting to note that homologues of the bovine rob(1;29) have been reported also in other species of the Bos genus, such as Bos gaurus (Mastromonaco et al. 2004) .
After Robertsonian translocations, the second most common structural abnormalities in cattle are reciprocal translocations, with around 20 types detected so far (De Lorenzi et al. 2012) . However, it must be added that the lower frequencies of reciprocal translocations, compared to the Robertsonian ones, could be due to difficulties in detecting the first by conventional cytogenetic methods (Raudsepp & Chowdhary 2016) . In fact, De Lorenzi et al. (2012) estimated that only 16% of reciprocal translocations can be detected using conventional Giemsa staining and, because most analyses in screening programs employ this technique, it can be concluded that the frequency is actually underestimated.
Unbalanced rearrangements such as deletions and insertions are very rare, because (as explained above) they are lethal during embryogenesis. Nonetheless, a 500-kb chromosomal segment (containing the KIT oncogene) that is duplicated and translocated from chromosome 6 to 29 was found to be responsible for a hereditary syndrome charaterized by ovarian hypoplasia associated with white coat (Venhoranta et al. 2013) .
Studies of chromosomal aberrations in buffaloes have been much less frequent (Iannuzzi et al. 2000; Iannuzzi et al. 2004a) . Unlike cattle, autosomal chromosome aberrations, such as translocations, have rarely been reported.
Monitoring of chromosome anomalies in sheep and goats has not been as systematic as in cattle. Similarly, the predominant aberrations are Robertsonian translocations (Gonc ßalves et al. 1992; Dai et al. 1994; Switonski & Stranzinger 1998) . However, studies on the reduction in fertility due to Robertsonian translocations are conflicting (Bhatia & Shanker 1996; Long 1997) .
Cytogenetic screening programmes have been extensively performed on pigs; only in France, more than 2000 animals per year are karyotyped . Reciprocal translocations are the most frequent form of chromosomal aberrations, and these are accountable for significant economic loss due to reduction in litter size (Rodriguez et al. 2010) . Conversely, Robertsonian translocations are very rare .
In horses, several studies have been performed, although no systematic programmes for cytogenetic monitoring are present. So far, some autosomal trisomies and reciprocal translocations have been described (Lear & Bailey 2008) .
The higher incidence of Robertsonian translocations in cattle, as opposed to pigs (like in humans) for which reciprocal translocations are more common, may be due to the difference in the type of chromosomes. In cattle, all chromosomes are acrocentric; therefore, Robertsonian translocations are more likely to occur (like in mice). In pigs (2n = 38), however, 12 pairs of autosomes are metacentric and six pairs are acrocentric.
Sex chromosome abnormalities
Sex chromosome abnormalities are observed more often, probably because they lead to viable phenotypes in a higher proportion than do autosomal rearrangements. Nonetheless, they are an important issue for animal production, as they cause fertility problems often associated with a nonevident phenotype (Raudsepp & Chowdhary 2016) . Structural rearrangements of the X or Y chromosomes have been observed in very few cases, whereas X monosomy and trisomy and XX/XY chimerism (freemartinism) have been widely reported (Raudsepp & Chowdhary 2016) .
In cattle, sex chromosome chimerism (together with autosomal translocations; see above) is the most common of all abnormalities (Citek et al. 2009 ), whereas in buffaloes, the most common aberrations are X monosomy (Iannuzzi et al. 2000) , X trisomy (Iannuzzi et al. 2004a ) and freemartinism (Iannuzzi et al. 2005) . Also in pigs, sex chromosome chimerism is the second most common type of aberration, after autosomal translocations . In horses, however, X monosomy is the most commonly detected aberration (Raudsepp & Chowdhary 2016) . The presence of X monosomy among horses does not necessarily indicate a higher tendency of sex chromosome aneuploidy. Instead, this may be because 63,X mares are viable (like 45, X humans, i.e. in Turner syndrome), whereas 59,X cows; 53,X sheep; and 37,X pigs are not (Raudsepp et al. 2012) .
Karyotyping techniques
Customary techniques for detecting chromosomal aberrations are conventional Giemsa staining and chromosome banding: G-banding (Giemsa), Q-banding (Quinacrine), Rbanding (reverse of Q-and G-banding) and C-banding (constitutive heterochromatin). FISH is a more modern technique. In the past, its application has had serious limitations because of the lack of available molecular probes, but in the last several years this number has been increasing (Rube s et al. 2009).
The study of chromosomal aberrations is quite a labourious technique, and in the case of FISH, is also expensive. In the last decade, dedicated software and microscopes have allowed for the automation of metaphase acquisition, but detection of abnormalities still remains a manual process. Therefore, the cost of its use in many cases is high in terms of cost effectiveness. This is the case in sheep, as the relatively low cost of a single animal and the relatively low occurrence of translocations make chromosome abnormalities not a major issue to be considered for investigation. On the other hand, the cost of cytogenetic screening of bulls and boars (50-100 euro per animal) used for artificial insemination is much less than the economic loss of using breeders that carry a translocation (evaluated by Ducos et al. 2008 as 20 000 euro per boar).
Genotoxicity assays
Cytogenetic screening of livestock is essential for detecting animals with chromosomal aberrations and to exclude them from breeding programmes, hence preserving the genetic quality and value of the stock. On the other hand, cytogenetic techniques can be used as biomarkers, thus detecting DNA damage provoked by substances to which the animals have been exposed. Thus, genotoxicity assays can be considered equivalent to the indicators of effects as defined in toxicology, and although they do not give information about the fertility and genetic quality of livestock, they can be employed to monitor the potential presence of hazards in the diet and/or environment of the stock. Data obtained about genotoxic damage cannot be valued in absolute terms (such as high or low). Instead, they always need to be used to compare two or more group of animals that differ for one or more parameters, such as exposure to certain substances, diet, race, breeding conditions, etc. (one should bear in mind that 'unexposed' animals do not exist in the real world, and perhaps neither in the laboratory). For example, genotoxicity tests have been employed to compare ovines and bovines from unpolluted and polluted areas (Ahmed et al. 1998; Sutiakov a et al. 2001; Iannuzzi et al. 2004b; Lee et al. 2007; Di Meo et al. 2011) , normally and copper-deficiently fed cattle (Picco et al. 2004) , fungicide-treated and untreated sheep ( Sutiakov a et al. 2006 ) and normal and t(1;29) cattle (Rangel-Figueiredo et al. 1995) . Because a comparison between two or more groups is needed, and because genotoxicity is assessed only in a sample of the whole cell population/tissue of the animal, the data have to be analysed through appropriate statistical tests (Udroiu 2006a) .
In the following sections, we illustrate the genotoxicity assays, their characteristics, potentials and drawbacks.
Chromosomal aberrations
The technique used to detect chromosomal aberrations is the same as the one described earlier to obtain individual karyotypes. However in this case, the aim is not to determine the karyotype of the investigated animal. On the contrary, this assay is intended to assess the frequency of chromosomal aberrations (both stable and unstable) at a certain moment in the individual's life (Fig. 2) . Therefore, lethal aberrations (which will eventually lead to cell death) can also be scored. This test, like other genotoxicity assays, gives a measure of the damage exerted on DNA by the potential hazard(s) under study.
Sister chromatid exchanges
Reciprocal exchanges of chromosomal fragments between two homologous chromatids of the same chromosome (Fig. 3) during replication of damaged DNA are identified as sister chromatid exchanges (SCEs) (Perry & Wolff 1974; Mateuca et al. 2012) . SCEs may occur only when damage to DNA has not been removed before the cell enters phase S of the cell cycle, thus when condensed sister chromatids couple and exchanges take place between identical DNA sequences situated close to each other. The SCE assay allows for the assessment of the amount of DNA damage or deficiencies in DNA repair. This reliable technique can show (4), telomeric association by only one chromatid (5), acentric fragment (6), chromatid break (7-9), chromosome break (10), gap (11), addition or deletion of chromosome segment (12, 13) and early chromatid segregations (14) (from Melo et al. 2011). how sensitive a certain species is to a genotoxic insult and the amount of damage to the DNA.
Sister chromatid exchange assays have been extensively used not only in laboratories to test for potentially genotoxic compounds but also for environmental and livestock biomonitoring. For example, it has been applied to samples taken from cows (Iannuzzi et al. 1991 (Iannuzzi et al. 1991) . However, the SCE assay is even more laborious and time-consuming than the chromosomal aberration analysis is, because it needs preliminary 5-bromodeoxyuridine treatment for sister chromatid banding.
Micronucleus test
A micronucleus arises during mitosis, when a chromosome (or chromatid) fragment or a whole chromosome (or chromatid) lags behind in anaphase and is not included in one of the daughter nuclei. Chromosome fragments are the result of DNA damage, whereas micronuclei containing whole chromosomes are formed following defects in the centromeric region or in the mitotic apparatus (Sgura et al. 2001; Udroiu et al. 2006) . These extranuclear bodies may be present in any kind of cell, both somatic and germinal. Assessment of the variations of micronuclei frequencies is performed by way of a validated cytogenetic assay (the micronucleus test), which measures the genotoxic effects of chemical and physical agents, both in vivo and in vitro.
Moreover, staining with CREST anti-kinetochore antibodies allows for the discrimination of micronuclei between those containing chromosome fragments and those with a whole chromosome (Udroiu et al. 2006) . CREST antibodies have been shown to react with kinetochores of marsupials (Torosantucci et al. 2009 ), rodents (Udroiu et al. 2006) , horses (Ruggeri et al. 2015) , swine (Ma et al. 2003) and cervids (He & Brinkley 1996) ; thus, they seem to have an affinity for all mammalian species. Furthermore, preparation of samples is easy, requiring just fixation in cold methanol (Udroiu et al. 2006) . The application of this test on blood samples is easy, rapid and non-invasive and can be performed several times on the same animals (giving a timecourse of the investigated phenomenon).
Performing the micronucleus test, Sutiakov a et al. (2006) found higher frequencies in peripheral lymphocytes sampled from sheep treated with the fungicide tolylfluanid compared to those sampled from untreated animals. Similarly, higher micronuclei frequencies were found in lymphocytes of sheep, bovines and mules exposed to wastewater (Kadmiri et al. 2006) , in bovines from industrialized areas ( Sutiakov a et al. 2001) and in bovines bred in the vicinity of nuclear power plants (Lee et al. 2007) .
Performing the micronucleus test on red blood cells is even easier, as mammalian erythrocytes are anucleated and micronuclei catch the eye of the analyst (Fig. 4) . Moreover, with just a drop of blood, millions of cells are available for analysis. In fact, this application of the assay has been internationally validated and is regarded as one of the most proficient for investigating genotoxicity (OECD 1997) . Unfortunately, the spleen of many mammalian species, such as bovids, pigs and camelids, removes micronuclei Figure 3 Metaphase chromosomes of peripheral blood leukocytes of a male pig (Sus scrofa) after sister chromatid differential staining (from Schwerin et al. 1985) . Arrows indicate SCEs. Figure 4 Blood smear of a horse (Equus caballus) stained with Giemsa. A micronucleated erythrocyte is clearly visible in the center (image from our laboratory).
from circulating erythrocytes, making the test unfeasible in those species (Udroiu 2006b ). On the other hand, this is not the case for the equines, and thus, the micronucleus test can be performed on circulating erythrocytes sampled from horses and donkeys. Moreover, some species, like pigs, show polychromatic erythrocytes (or reticulocytes) in their peripheral circulation. As these immature erythrocytes
have not yet reached the spleen, their micronuclei are not removed (Udroiu 2006c) . The feasibility of the micronucleus test on swine reticulocytes has been demonstrated on X-irradiated pigs (Ludewig et al. 1991) . Summing up, the micronucleus test can be performed in circulating erythrocytes in horses and in reticulocytes in pigs. So far, frequencies of micronucleated erythrocytes have been studied in horses infected by Anaplasma and Babesia (Prus et al. 2013) and from different countries (Cristaldi et al. 2004 ).
Comet assay
The Comet assay (or single cell gel electrophoresis) is a technique that allows for the evaluation of DNA strand breaks in individual cells. This assay consists of embedding cells in a low-melting-point agarose suspension, cell lysis in neutral or alkaline conditions, electrophoresis of the suspended lysed cells, staining with a fluorescent DNA binding dye and image acquisition. Undamaged DNA retains a highly organized association and, being composed of large strands, migrates slowly. On the other hand, DNA fragments migrate faster. Thus, the fluorescence image resembles a comet (Fig. 5) , the head comprising undamaged DNA and the tail made up of DNA fragments; the more the damage, the more the comet tail is elongated. The first variant, in neutral conditions, allows for the detection of double-strand breaks, whereas the second one, in alkaline conditions, allows for the additional detection of singlestrand breaks (Tice 2000; Glei et al. 2016 ). This technique is quite easy and cheap, and it may be applied to any biological tissue, even small samples. It has been used to assess DNA damage in cows due to copper deficiency (Picco et al. 2004) , in sheep (Iannuzzi et al. 2004b ) and cows (Di Meo et al. 2011) due to exposure to dioxins and in horses due to airway inflammation (Marlin et al. 2004) .
It also should be noted that, besides its use in biomonitoring studies, the Comet assay-alongside other techniques such as the sperm chromatin dispersion test and the flow cytometric sperm chromatin structure assay (SCSA)-is routinely used in the field of animal reproduction to assess the DNA integrity of spermatozoa (Boe-Hansen et al. 2005) .
Immunolocalization of DNA repair proteins
In veterinary cytogenetics, localization of DNA repair proteins has been used mainly in studies of chromosome pairing, recombination and translocation during meiosis (Vozdova et al. 2016) . Nonetheless, quantification of DNA repair proteins can be used to assess genotoxic damage.
The phosphorylated variant of histone H2AX (cH2AX) and p53 binding protein 53BP1 are established markers of DNA double-strand breaks; these form foci, which can be easily scored by immunofluorescence staining (Rothkamm et al. 2015) . Because analysis can be performed with interphase nuclei, no special requirements are needed for slide preparation fixation in paraformaldehyde or ice-cold methanol to preserve proteins (Berardinelli et al. 2007 ). Although this is a very sensitive technique, it gives essentially the same information as the micronucleus test and the Comet assay (i.e. DNA breakage), but it is far more expensive. So far, apart from studies of radiation biodosimetry (Lamkowski et al. 2014) , it has been used only to assess the integrity of bovine spermatozoa for in vitro fertilization (Blondin et al. 2009 ).
Telomere length
Telomeres are regions of repetitive nucleotide sequences located at the ends of chromosomes (Fig. 6 ) that, together with telomeric proteins (TRF1, TRF2, POT1, TIN2, TPP1 and Rap1), protect the extremities from deterioration and/ or fusion with neighbouring chromosomes (Palm & de Lange 2008) . Somatic cells of livestock species (suines, ovines, bovines and equines) undergo telomere shortening during cell replication, as in humans (Gomes et al. 2011) . When telomeres reach a critical length, cells enter replicative senescence, an arrested state that avoids further divisions (Olovnikov 1996) . Furthermore, telomere shortening can induce telomeric dysfunction, responsible for chromosome instability, and some telomere-dysfunctionrelated diseases (Armanios & Blackburn 2012) . So far, telomere length in domestic species has been studied mainly in cloned animals, following somatic cell nuclear transfer (SCNT). In fact, it could be expected that the cloning using adult (aged) cells, with shortened telomeres, would cause the offspring to start with a diminished replicating capability of its cells, and consequently, they would age faster and/or suffer from telomere-dysfunction-induced diseases. Nonetheless, several studies on different species have shown that, in some clones, telomere length was normal or even elongated when compared to age-matched controls. This could be related to teleomere elongation, due to telomerase activity, between the morula and blastocyst stage, but the reasons for these ambiguous results are still unclear (Burgstaller & Brem 2016) .
Telomere length has the potential to be used as both a diagnostic and a prognotisc marker. Measurement of telomere shortening, in fact, has been proposed as a marker of stress, in a broad sense (Bateson 2016) . Indeed, increased telomere shortening has been reported to be a consequence of oxidative stress, which may be a result of stress, inflammation, exposure to xenobiotics or irradiation (von Zglinicki 2002) .
On the other hand, individuals (or groups) born with short telomeres are more at risk for reaching the critical length earlier in their lives, when telomeres are naturally shortening. It is noteworthy that in an in vitro study, Murata et al. (2007) detected that progressive telomere shortening in bovine cells was accompanied by a gradual increase of Robertsonian translocations, including t(1;29). Moreover, Aslam et al. (2014) found that in sperm of high fertile bulls, protection of telomeres-1 protein (POT1), a protein involved in telomere length stabilization, is highly over expressed in comparison to low fertile bulls, indicating that telomeres could give also information on an animal's fertility.
So far, studies of telomere length in livestock species have been scarce and heterogeneous, both in the techniques used and their aims. Two descriptive studies detected, respectively, that telomere length in Korean cattle was significantly higher than that in the Holstein breed (Choi et al. 2008) and that telomeres of the Chianina breed are shorter than those in the less intensively selected Maremmana (Tilesi et al. 2010 ). An inverse correlation between telomere length and age has been demonstrated in horses (Katepalli et al. 2008; Sanmartin-S anchez et al. 2014) and cows (Brown et al. 2012; Laubenthal et al. 2016) .
The techniques developed to assess telomere length comprise terminal restriction fragment (TRF) length analysis by Southern blot, quantitative PCR (qPCR), PCR of single telomere lengths (STELA), quantitative fluorescence in situ hybridization (Q-FISH) of metaphase spreads or interphase nuclei and flow-FISH (Aubert et al. 2012) . Although these assays need refinement in terms of techniques to be employed and cell type chosen, they seem to be promising tools for monitoring the stress of herds and their performance traits.
Conclusion
The progress of cytogenetic techniques has led to higher productivity of classical assays (such as karyotyping of chromosomal aberrations) and to the development of new ones (such as telomere length measurement). Cytogenetic screening of chromosomal rearrangements remains a priority for animal production. On the other hand, genotoxicity tests are useful tools for monitoring the potential presence and effects of compounds such as pollutants and drugs (Table 1) . These also comprise chromosomal aberrations, SCEs and immunolocalization of DNA repair proteins, but the micronucleus test and Comet assay are surely more effective with regard to time and costs. In addition, establishing correlations between telomere length and fertility, productivity, stress, etc. may lead to the development of telomere length measurement as a new biomarker with diagnostic and prognostic aims, i.e. as a marker of the physiological stress and productive potential of the animal.
